This paper presents a measurement set-up for determining the mechanical properties of porous materials at low and medium frequencies, by extending towards higher frequencies the quasistatic method based on a compression test. Indeed, classical quasi-static methods generally neglect the inertia effect of the porous sample and the coupling between the surrounding fluid and the frame: they are restricted to low frequency range (< 100 Hz) or specific sample shape. In the present method, the porous sample is placed in a cavity to avoid a lateral airflow. Then a specific electrodynamic ironless transducer is used to compress the sample. This highly linear transducer is used as actuator and sensor: the mechanical impedance of the porous sample is 
I. INTRODUCTION
Porous materials, like open cell polymer foams or mineral wools, are widely used for acoustical comfort design in building or transport applications. Due to their high porosity (usually > 90 %) and an adequate pore size (around 10 to 100 µm), they lead to sound absorption by viscothermal dissipation 1 . When attached to a vibrating structure, they also bring: (i) structural damping due to mechanical coupling between the vibrating structure and the frame 2 ; (ii) sound transmission reduction or amplification of the structure due to interaction between the frame motion and the saturating fluid 3 . Their efficiency can thus be greatly influenced by the viscoelastic properties of the frame 4, 5 that is accounted for in the Biot-Allard theory 1, 6 . In order to achieve a proper design of acoustical treatment, the viscoelastic properties of porous materials have to be known.
Classical methods to measure the viscoelastic properties of the frame can be sorted in two groups 7 : the quasi-static methods neglect the inertia effects and give relevant information in the low frequency range before the first resonance of the system 8-11 (usually for f < 100 Hz); the dynamic methods are based on the vibration study of a porous layer 12-14 , or of a structure which includes a porous layer 15, 16 , and give information at the resonance frequencies of the structure. Most of the existing methods are carried out in ambient conditions because "in vacuum" conditions lead to some experimental issues: the experimental setup is heavier, the frame of some types of acoustical material can be altered and the temperature has to be slightly controlled. However, the methods carried out in ambient conditions neglect the effects of the coupling between the frame and the saturating fluid and the material is considered as "in vacuum". Pritz 15, 16 , Ingard 17 , Rice and Göransson 18 carried out frame compressibility measurements in air and "in vacuum" using the resonant method of Fig. 1 
(a).
In this configuration, the porous sample is placed between a vibrating base and an additional mass: the structure is supposed to behave as a spring-mass system. It is shown that the frequency response of the mass with respect to the shaker table motion is considerably damped when air is present. This difference is due to the presence of a lateral airflow (perpendicular to the imposed displacement) pumped in and out of the material during sinusoidal compression. The evaluation of the Young's modulus is hardly affected by the presence of the air but the apparent loss factor of the material is greatly overestimated.
Effect of air on a quasi-static measurement, such as proposed by Mariez 8 ( fig. 1(b) ), has also been studied numerically by Etchessahar 14 and Danilov et al. 19 . In this configuration, the porous sample is placed between a vibrating base and a impervious rigid wall and the mechanical impedance is measured. It is shown that both real and imaginary part of this impedance can be greatly influenced by the presence of air for thin samples or materials having a large airflow resistivity. Tarnow 10 proposes an analytical correction which accounts for this influence on the measurement of the force transmitted by the porous sample to the rigid wall for cylindrical samples. In a previous paper 20 , the authors investigated the feasibility to extend the quasistatic compression method toward higher frequencies by mean of:
• a cavity where the sample is set-up n order to reduce the air pumping effects,
• an electrodynamic loudspeaker as actuator and sensor to simplify the measurement set-up.
This method is in good agreement with the quasistatic one but the frequency range was limited below the first frequency resonance of the loudspeaker by non linearities of the transducer.
In the present paper, the method is extended towards medium frequencies by using a specific electrodynamic transducer devoid of major non linearities. In a first part, the transducer design is described and the measurement procedure is detailed. Then results are given for one polymer foam. Sensitivity of each input parameter is estimated in order to point out the limitations of the method. 
II. MEASUREMENT SET-UP
The electro-mechanical setup to measure the porous mechanical properties is shown in Fig. 2 . The electrodynamic transducer used to compress the sample is mounted between two cavities. It is made of a voice-coil motor such as those used in traditional electrodynamic loudspeakers. However, this motor is ironless 21, 22 and the viscoelastic suspension is replaced by ferrofluid seals 23 in order to vanish the major electrical and mechanical nonlinearities 24, 25 respectively. Furthermore, the motor is constituted by a stack of three permanent magnet rings 20 mm high with a inner diameter of 49.7 mm. Each ring is an assembly of 16 single tiles ( Fig. 3) of Nd 2 Fe 14 B with a magnetization of J = 1.4 T. The rings are radially magnetized with successive opposite directions (Fig. 2) to avoid a magnetic field leakage 26 . Fig. 4 shows an analytical simulation 27 of the radial magnetic field seen by the coils, i.e. at a distance of 0.3 mm of the magnets. It is shown that the magnetic structure allows a high magnetic field (around 0.7 T) which is constant over 10 mm on the height of each ring. Thus, the electrodynamic motor can be used to apply a static compression of 10 mm and preserve the same properties. The inner face of the motor presents also a strong gradient of the magnetic field where the magnetic field reverses, i.e. at the interface between two rings. These regions, where the magnetic pressure is the most important 23 , define the position of ferrofluid-seals which guide the piston along the "x" direction 28, 29 and ensure the airtightness between the two cavities (Fig. 3) . Two ridges are present on the outer surface of the piston to receive the coil windings.
The upper voice-coil is designed to apply a small amplitude dynamic stress to the porous sample. Its electrical impedance is used to deduce the mechanical impedance of the sample.
The lower voice-coil supports a direct current to apply a static strain to the sample. This strain is monitored by a position probe. The diameter and the length of the coil have been determined so that a porous materials with Young's modulus of 400 kPa can be compressed with a static strain of 2 %. For softer materials such as glass wool, the dimensions of the voice-coil motor allow a maximum static compression of 10 mm.
Note that since the ferrofluid seals have no stiffness in the axial direction, unlike rubber suspension and spider in traditional loudspeakers, the axial stiffness is only due to the sample and to the air cavities loading the piston. Finally, the diameter of the sample has to be smaller than the diameter of the top cavity to avoid lateral friction.
III. PRINCIPLE OF MEASUREMENT
The electrodynamic transducer is used to apply static and dynamic stresses to the porous sample. From the measurement of the electrical impedance Z vc of the upper voice-coil, and a linear model of the transducer behavior, the mechanical impedance Z p = F/v at the porous/piston interface is determined. F is the force applied to the porous sample and v is the velocity of the piston. The mechanical properties of the porous material, Young's modulus E and loss factor η, are then determined from the mechanical impedance of the sample by reversing a poroelastic model based on the Biot-Allard theory 1 .
A. Transducer modeling
The transducer modeling is identical to the one used in a previous paper 20 . However, since the motor is ironless and the viscoelastic suspension is replaced by ferrofluid seals, both the compliance of the loudspeaker suspensions C ms and the shunting parallel resistance r f are considered equal to zero. This model is now briefly presented.
The electrodynamic transducer is described by an equivalent electrical circuit. The development of this model is described in detail by . This low frequency model is valid under the first resonance frequency of the piston (here 7 kHz in free conditions). The moving piston is thus considered as rigid and having only one degree of freedom in the axial direction. The mechanical impedances of air cavities are obtained by considering the sum of both forth and back propagating acoustical waves in the cavity giving
where j is the square root of −1, ω the circular frequency of the excitation, ρ 0 the air density, c the velocity of sound in air, δ 0 = ω/c the wavenumber of sound in air, Z c = ρ 0 c the characteristic impedance of air, d 1 and d 2 the lenght of the top and bottom cavities respectively, S ′ the surface area of the piston in contact with air in the top cavity and S the surface area of the piston in contact with the bottom cavity. Note that in the low frequency range, the two air cavities can be considered as simple compliances and equations (1-2) may be symplified as
where γP 0 is the adiabatic bulk modulus of the fluid with γ the ratio specific heats and P 0 the atmospheric pressure.
From circuit analysis of Fig. 5 , the electrical impedance is given by
with
Hence, the mechanical impedance of the sample can be derived from the measurement of Z vc , the properties of the transducer and of the two air cavities as
B. Determination of the transducer properties
The properties of the transducer are determined from the measurement of the electrical impedance Z vc0 without porous sample in the top cavity. In that case, the equivalent electrical circuit model gives
The model is fitted on the measurement to get r e , L e , λ, m and Bl.
C. Calculation of the material mechanical properties
The mechanical properties of the porous sample are determined by fitting a poroelastic model based on the Biot-Allard theory on the impedance Z p , determined from the measurement of Z vc (Eq. (5)). In the considered model, the material is isotropic and the displacements of the frame and air are one-dimensional (Fig. 6 ): the porous material is considered as infinite in the lateral directions and the effects of the boundary conditions are neglected. This assumption is discussed in the next section.
The mechanical impedance can be derived analytically from the calculation of the total stress σ t xx applied by the porous sample to the vibrating piston ( Fig. 6 ): 
In these equations,R is the bulk modulus of the fluid phase andQ quantifies the potential coupling between the solid and fluid phases. Expression of these two last coefficients can be found in reference 1 . D 1 and D 2 are the amplitude coefficients of the two compressional waves and can be determined from the boundary conditions applied to the sample. Here, the displacement is nul at x = 0 and is equal to the one of the piston at x = −d which gives 
D. Influence of the presence of the top cavity
As mentioned previously, the top cavity is used to avoid the air-pumping effect. This effect has been investigated in the configuration of Fig. 1(b) and it has been shown that this effect yields to an overestimation of the loss factor of the porous material 7, 9, 10, 19 . Note that the setup of Fig. 1(b) , called quasistatic, is generally used in the low frequency range (< 100 Hz). The coupling between the frame and the air is then neglected and the porous material is modelled as a monophasic solid which has the stiffness and structural dissipation of the frame and the density of the porous material. Fig. 7(a) , the inner diameter of the cavity is 50 mm: the air layer surrounding the porous sample is 3 mm thick.
FEM and 1D simulations of the two mechanical impedances are presented in Fig. 8 .
The hypothesis for the 1D simulations are: in the case of the porous placed in the cavity, the 1D Biot model is used; when the porous is placed in free space, the porous material is considered as a simple monophasic elastic solid. with frequency, because the air-pumping effects are not taken into account in the model. This validates the benefit of using a cavity to extend the frequency range towards higher frequencies without requiring the use of FEM modeling.
E. Uncertainties
The combined uncertainty due to variables entering in the determination of the viscoelastic properties has been evaluated using the classical method of the propagation of errors formulas 33 , neglecting covariance of the parameters:
with C i the contribution of each parameter to the combined uncertainty defined by
where u(x i ) is the standard uncertainty related to the variable x i and f the function relying x i to the parameter either E or η. The N variables considered are the electrical impedance Z vc and Z vc0 with and without sample respectively, those of the transducer (r e , L e , m, λ, Bl) and those of the porous material which are used for the inverse identification (σ, φ, α ∞ , Λ, Λ ′ , ρ 1 ). The partial derivatives are estimated numerically. Uncertainties are defined by the variance s i determined from repetability tests q i for a type A of n evaluations:
whereq is the average value ot the q i . The uncertainty on Z vc is 10 −3 Ohms. The uncertainty of the others variables are given in table I and II. The expanded uncertainties U = k u c is obtained considering the coverage factor k = 2.
IV. RESULTS

A. Properties of the transducer
The properties of the transducer determined from the measurement of the electrical impedance when the top cavity is empty are given in Table I . Figure 10 shows the measured curve and the simulated curve obtained with the fitted parameters. It can be noticed that the major discrepancy appears on the real part of Z vc above 800 Hz. 
B. Properties of the porous sample
Measurements are carried out with a sample of polymer foam which diameter is 44.5 mm and thickness is 19.0 mm at rest. The characteristics of the foam presented in Table   II have been measured in our laboratory 34 with dedicated benches. Their typical standard uncertainties are also given 35 . The electrical impedance measured for a compression rate of 1% is presented in Fig. 10 . Compared to the empty cavity measurement, the resonance pick of the moving rigid piston is higher in frequency and lower in amplitude. The mechanical impedance determined from Eq. (8) As shown in Fig. 12 , good agreements are found in the evaluation of the Young's modulus:
it is around 220 kPa at 100 Hz and increases with frequency. The loss factor is found 
C. Discussion
The main issue of the proposed method comes from the fact that the transducer is used as a sensor with a need of an exact modelling of its behaviour (Eq. (8) Indeed, the quick increase of the viscoelastic parameters above 600 Hz (Fig. 12) is mainly due to the fact that the simple Thiele & Small model (section III.A) does not allow to perfectly describe the behaviour of the transducer in this higher frequency range (Fig. 10) .
Furthermore, the deviation of the measurement of the porous sample viscoelastic properties depends on the measurement uncertainties of many parameters. This deviation is minimum around the resonance frequency of the transducer, i.e. 370 Hz, and is relatively important above 500 Hz. This is mainly due to the fact that the seeked information Z p is part of the motional impedance (second term of Eq. (5)), which has a major influence at the resonance frequency of the transducer. Above and below this resonance, the electrical impedance Z e controls the global behaviour of Z vc and Z vc0 . Thus, a deviation on the estimation of the electrical parameters at low and high frequencies leads to an important deviation on the estimation of the viscoelastic parameter of the tested porous sample. This is shown in figures 13 and 14 giving the contribution C i of parameters related to transducer and porous material to the global deviation of the viscoelastic parameters of the sample (Eq. (14)). For both Young's modulus ( fig. 13) and loss factor (fig. 14) , the main influencing parameter is r e at low frequency and L e at high frequency. Around the resonance frequency of transducer (370 Hz), L e and m are the most influent on Young's modulus and λ for the loss factor, but the uncertainty is minimum is this region. It is also noticeable that the parameters relative to the porous acoustic behaviour (φ, σ, Λ, Λ ′ , α ∞ , ρ 1 ) have a lesser contribution to the combined uncertainty.
According to the preceding remarks, it can be noticed that the valid frequency range of measurement, i.e. where the deviation is minimum, can be shifted in the high frequency range by shifting the resonance frequency of the transducer. This can be achieved by reducing the mass of the moving piston, decreasing the length of the bottom cavity and decreasing the thickness of the porous sample.
V. CONCLUSION
A new device to determine the viscoelastic properties of porous materials has been developed. The apparatus, presented in Fig. 2 , is based on an electrodynamic transducer used both as source and sensor. The setup is thus considerably simplified compared to a classical compression quasistatic method. Furthermore, this setup is based on a linear transducer that has been optimized to allow a static compression of 10 mm, what cannot be performed with a classical shaker or loudspeakers. The transducer has also been designed so that the moving part behaves as a rigid solid body in an extended frequency range. Results given by this method are in good agreement with classical method and are valid for frequencies up to 500 Hz. The air-pumping effect is also prevented by the use of a cavity what avoid the overestimation of the loss factor.
The method could be extended in the higher frequency range by optimizing the mass of the moving piston and the sizes of the cavities.
